everal prevalent diseases are associated with abnormal angiogenesis and formation of a pathological neovasculature (PNV), notably cancers with solid tumors, diabetic retinopathy, and the exudative (wet) form of age-related macular degeneration (AMD). Two procedures have been described as potential treatments for PNV-associated diseases, an antiangiogenesis protocol to inhibit angiogenesis (1, 2) and an anti-PNV protocol to destroy selectively the PNV (3-6). Because a PNV usually has formed by the time the disease is diagnosed, destruction of the PNV probably will be necessary to achieve optimal therapeutic efficacy. Here we report the results of testing an anti-PNV procedure in a mouse model that simulates exudative AMD. The procedure involves administering a chimeric antibody-like molecule, called an Icon, which binds with high affinity and specificity to the receptor tissue factor (TF). TF is expressed on endothelial cells lining the luminal surface of a PNV but not of a normal vasculature (7, 8), thus providing a specific and accessible therapeutic target. The Icon is composed of factor VII (fVII), the natural ligand for TF, conjugated to the Fc domain of an IgG1 Ig. The Icon functions as an anti-TF antibody, with higher affinity and specificity than can be achieved with an anti-TF antibody. The TF-Icon complex activates a potent cytolytic immune attack mediated by natural killer cells and complement (9). Cytolysis of endothelial cells of the PNV, and possibly of other cells in the wall of a leaky PNV vessel that express TF, results in selective destruction of the PNV, as demonstrated in mouse models of solid tumors (3, 4).
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everal prevalent diseases are associated with abnormal angiogenesis and formation of a pathological neovasculature (PNV), notably cancers with solid tumors, diabetic retinopathy, and the exudative (wet) form of age-related macular degeneration (AMD). Two procedures have been described as potential treatments for PNV-associated diseases, an antiangiogenesis protocol to inhibit angiogenesis (1, 2) and an anti-PNV protocol to destroy selectively the PNV (3) (4) (5) (6) . Because a PNV usually has formed by the time the disease is diagnosed, destruction of the PNV probably will be necessary to achieve optimal therapeutic efficacy. Here we report the results of testing an anti-PNV procedure in a mouse model that simulates exudative AMD. The procedure involves administering a chimeric antibody-like molecule, called an Icon, which binds with high affinity and specificity to the receptor tissue factor (TF). TF is expressed on endothelial cells lining the luminal surface of a PNV but not of a normal vasculature (7, 8) , thus providing a specific and accessible therapeutic target. The Icon is composed of factor VII (fVII), the natural ligand for TF, conjugated to the Fc domain of an IgG1 Ig. The Icon functions as an anti-TF antibody, with higher affinity and specificity than can be achieved with an anti-TF antibody. The TF-Icon complex activates a potent cytolytic immune attack mediated by natural killer cells and complement (9) . Cytolysis of endothelial cells of the PNV, and possibly of other cells in the wall of a leaky PNV vessel that express TF, results in selective destruction of the PNV, as demonstrated in mouse models of solid tumors (3, 4).
Exudative AMD involves pathological angiogenesis that originates from the choroid beneath the retina to form a PNV, called a choroidal neovasculature (CNV), containing abnormal blood vessels that can leak fluid and bleed, hence the name exudative AMD. The fluid and blood released from the CNV can damage the structure and function of the overlying retina, usually in the central macular area, leading to the loss of central vision. Several procedures are currently used to treat submacular CNV, notably photodynamic therapy (10), submacular surgery (11, 12) , and macular translocation (13) (14) (15) . However, most treated patients do not show visual improvement, and the surgical procedures can cause serious complications. The severe visual disability caused by AMD and the lack of an adequate treatment for the disease has motivated a search for new therapeutic strategies. Here we show that formation of a laser-induced CNV can be prevented at an early stage in a mouse model, by i.v. or intraocular (i.o.) injections of either an adenoviral vector encoding the Icon or Icon protein.
Materials and Methods
Animals. C57BL͞6 mice 4-6 weeks old were purchased from The Jackson Laboratory, and pigs 10-12 weeks old were purchased from Professional Veterinary Research (Brownstown, IN). The animals were maintained in accord with the guidelines established by the Committee on Animals at the University of Louisville Medical School.
Models of Laser-Induced CNV. C57BL͞6 mice were anesthetized with a mixture of ketamine͞xylazine (8:1) , and the pupils were dilated with a single drop of 1% tropicamide. Krypton red laser photocoagulation (50-m spot size, 0.05-s duration, 250 mW) was used to generate three laser spots in each eye surrounding the optic nerve by using a hand-held coverslip as a contact lens. A bubble formed at a laser spot indicated rupture of the Bruch's membrane. The laser spots were evaluated for the presence of CNV on day 7 or 17 after laser treatment, using confocal microscopy.
We modified this protocol to induce CNV in pigs by using the indirect diode laser to generate 10-16 laser spots in the posterior retina with a 20D lens (810 nm, 750-1,400 mW, 0.2 s). An intense focal laser spot ruptured the Bruch's membrane, resulting in an incidence of CNV Ͼ60% after 1 week.
i.o. Injection in the Mouse. After anesthesia and dilation of the pupil, the anterior chamber was entered via the limbus with a 28-gauge needle to decompress the eye. Under an operating microscope, which allowed visualization of the retina, a 32-gauge (blunt) needle was passed through a scleral incision, just behind the limbus, into the vitreous cavity or subretinal space. A Hamilton syringe was used to inject 1 l of fluid.
Evaluation of Laser Spots for the Presence of a CNV. At the time of death mice were anesthetized (ketamine͞xylazine mixture, 8:1) and perfused through the heart with 1 ml PBS containing 50 mg͞ml fluorescein-labeled dextran (FITC-Dextran, 2 million average molecular weight, Sigma). The eyes were removed and fixed for 1 h in 10% phosphate-buffered formalin. The cornea and the lens were removed and the neurosensory retina was carefully dissected from the eyecup. Five radial cuts were made from the edge of the eyecup to the equator; the sclera-choroidretinal pigment epithelium (RPE) complex was flat-mounted, with the sclera facing down, on a glass slide in Aquamount. Flat mounts were stained with a mAb against elastin (Sigma) and a CY3-conjugated secondary antibody (Sigma) and examined with a confocal microscope (Zeiss LSM510). The CNV stained green whereas the elastin in the Bruch's membrane stained red. A laser spot with green vessels was scored CNV-positive, and a laser spot lacking green vessels was scored CNV-negative (see Fig. 4 ).
Evaluation of Toxicity. In mice treated by i.v. injection of the vector encoding the Icon (Table 1) or of the Icon protein (see Table 5 ), the liver, kidneys, heart, and eyes were examined for morphological and histological evidence of toxicity.
Synthesis of the Icon cDNA and Protein. The cDNA encoding mouse fVII (mfVII) was synthesized by PCR from a liver cDNA library and cloned into the expression vector pcDNA 3.1 in-frame at the 3Ј end with the cDNA encoding the Fc region of a human IgG1 Ig (hFc). A mutation from lysine-341 to alanine was introduced into the mfVII domain by site-directed mutagenesis of the cDNA to inhibit the blood coagulation activity of the Icon (16) . The vector containing the mfVII͞hFc Icon was transfected into Chinese hamster ovary cells, and stable transfectants were selected in RPMI supplemented with FBS and G418. A transfected clone was grown in a serum-free medium supplemented with vitamin K1, and the Icon was purified from the medium by affinity chromatography on protein A resin (16) .
Construction and Synthesis of the Adenoviral Vector. The adenoviral vector encoding the mfVII͞hFc Icon was constructed by using the shuttle vectors pAdTrack-CMV or pShuttle-CMV and the backbone vector pAdEasy-1, and the vector particles (VP) were produced in 293 cells and purified by centrifugation in a CsCl gradient (16, 17) . The concentration of VP was calculated as follows: 1.0 optical density unit at 260 nm ϭ 1.0 ϫ 10 12 VP. The activity of each preparation of VP was tested for the synthesis and secretion of the Icon, as follows. Cultures of 293 cells or human melanoma cells were infected with the vector in serumfree medium supplemented with vitamin K1 and cultured for 2 days. A sample of the medium was then added to protein A Laser spots were produced in C57BL͞6 mice on day 0, and i.v. injections of 2.8 ϫ 10 9 VP of the control vector or the vector encoding the Icon were administered on days 1 and 4. The mice were killed on day 7. A Chi-square test of the data showed P Ͻ 0.0001.
beads, and the bound Icon was eluted and analyzed by Western immunoblotting for Icon protein (3).
Immunohistology. Murine and porcine eyes were harvested immediately after the death of the animals. Human submacular CNV specimens were removed from patients with exudative AMD at the time of submacular surgery; the patients had signed an Institutional Review Board-approved permission form. Tissue samples were embedded in OCT compound (Tissue-Tek, Torrance, CA) and snap-frozen in liquid nitrogen. Serial frozen sections 2 m thick were cut through the entire tissue sample. Sections with CNV were incubated with the Icon protein for 5 h, washed with PBS, stained with FITC-conjugated antibody against the heavy chain of human IgG1, which labels the hFc domain of the Icon, and examined by light microscopy and confocal microscopy.
Results
Specific Binding of the Icon to the CNV. Sections of the choroid obtained from laser-treated mouse and pig eyes and from patients with exudative AMD at the time of submacular surgery were tested by immunohistochemisty for binding the Icon. The vessel channels of the CNV in each species showed intense staining of the Icon, in contrast to the absence of Icon staining in the normal vasculature of the choroid and retina of mice, pigs, and humans (Figs. 1-3) . injections of an adenoviral vector encoding the Icon or of purified Icon protein. The incidence of CNV formation was determined by histochemical examination of choroidal flat mounts 7 or 17 days after laser treatment. The CNV complex stains green and the underlying elastin layer of the Bruch's membrane stains red, providing a clear identification of the CNV (Fig. 4A) . i.v. injection of the vector. Three laser spots were generated in each eye of 11 mice on day 0, followed by injections on days 1 and 4 of the vector encoding the Icon into six mice; a control vector that does not encode the Icon was injected into the remaining five mice. In the six mice treated with the Icon, the incidence of CNV-negative spots (Fig. 4B) was 95%, as compared with 3% in the five control mice (Table 1) .
To determine the efficacy of the Icon in inducing regression of an early-stage CNV, injection of the vector was delayed until 7 days after laser induction of CNV spots. In the five mice injected with the vector encoding the Icon, the incidence of CNV-negative spots was 95%, as compared with 3% in the five control mice (Table 2 ).
These results indicate that i.v. injection of the adenoviral vector encoding the Icon 7 days after inducing CNV spots, which is sufficient time for establishment of an early-stage CNV, decreased the incidence of CNV formation from 97% in the control mice to 5%. i.o. injection of the vector. As an alternative to i.v. injection of an adenoviral vector encoding the Icon, which has been associated with enlarged liver cells (3), two i.o. injection routes were tested, one into the subretinal space and another into the vitreous cavity. Six mice were injected with the vector encoding the Icon and six mice were injected with the control vector, either into the subretinal space or the vitreous cavity. Among the mice treated with the Icon, the incidence of CNV-negative spots for each injection route was 72% and 83%, respectively, as compared with 22% and 12%, respectively, in the mice injected with the control vector ( Laser spots were produced in C57BL͞6 mice on day 0, and i.o. injections of 2.8 ϫ 10 8 VP of the control vector or the vector that encodes the Icon were administered on day 1. The injections were done into the subretinal space (SR) or vitreous cavity (IVIT). The mice were killed on day 7. A Chi-square test of the data showed P Ͻ 0.003 (SR) and P Ͻ 0.0001 (IVIT). with the control adenovirus on day 1 followed on day 7 by perfusion with FITC-Dextran. The eyes were excised and choroidal flat mounts were stained with a mAb against elastin and then with a CY3-conjugated second antibody. The prominent neovascular growth stained green whereas the underlying elastin in the Bruch's membrane stained red within a laser spot. The RPE (dark brown) was disrupted in the bed of the laser spot (ϫ2,500). (B) Mice received an i.v. injection of the adenoviral vector encoding the Icon on day 1, and choroidal flat mounts were prepared on day 7 as described above. The inhibition of new vessel growth is indicated by the absence of vessels with a green stain (ϫ2,500). Laser spots were produced in C57BL͞6 mice on day 0, and i.v. injections of 2.8 ϫ 10 9 VP of the control vector or the vector encoding the Icon were administered on days 7 and 14. The mice were killed on day 17. A Chi-square test of the data showed P Ͻ 0.0001.
circulation. The incidence of CNV-negative spots was 44% in the three mice injected i.v. with 10 g of Icon protein, as compared with 17% in the three mice injected with an IgG1 control ( Table  4) . When the amount of Icon protein was increased to 50 g, the incidence of CNV-negative spots increased to 89% as compared with 11% for the IgG1 control ( Table 5 ).
The Icon protein also was tested by i.o. injection into the vitreous cavity. Injecting 1.5 g of Icon protein resulted in 90% CNV-negative spots, as compared with an average of 7% in the controls (Table 6 ).
These results indicate that i.v. injection of 50 g of Icon protein or i.o. injection of 1.5 g of Icon protein is strongly efficacious in preventing CNV formation in the mouse model. Toxicity examination. Morphological and histological examination of the liver, kidneys, heart, and eyes of the Icon-treated mice at autopsy did not show evidence of toxicity.
Discussion
AMD is the leading cause of blindness after age 55 in the industrialized world. The exudative form of AMD, which generates a leaky CNV causing damage to the overlying retina usually involving the macular region, is responsible for most cases of sudden and disabling loss of central vision (18, 19) . The main treatments currently in use or under development for exudative AMD include photodynamic therapy (10), submacular surgery (11, 12) , macular translocation (13) (14) (15) , and transplantation (21) . However, none of these treatments restore lost central vision in most patients and can result in significant complications (19) (20) (21) . Other therapeutic strategies involve administering pharmacologic agents that inhibit angiogenesis, including an antiangiogenic corticosteroid, an antibody against vascular endothelial growth factor (VEGF) (22) , and a VEGF aptamer (23).
Here we described a procedure for destroying a CNV by administering an Icon molecule that binds to TF with higher affinity and specificity than can be achieved with an anti-TF antibody. TF is expressed on endothelial cells of the CNV but not of normal ocular blood vessels (see Figs. 1-3 ) and therefore could provide a selective and accessible target for immunotherapy of exudative AMD. Although TF also is expressed on cells of several organs and tissues, including brain, lung, and kidney glomeruli, these sites are not normally accessible to the Icon because the tight endothelial cell layer in normal blood vessels acts as a barrier. The Icon is a chimeric antibody-like molecule composed of fVII, the natural ligand for TF, conjugated to the Fc region of an IgG1 Ig. The Fc region binds and activates components of the immune system, including natural killer cells and complement (9) that are functional within the eye (24, 25) , causing a cytolytic immune attack against cells that bind the Icon. Cytolysis of the CNV endothelium mediated by the Icon can result in the destruction of the associated CNV (see Fig. 4 ), similar to the destruction of the PNV in solid tumors (3, 4) .
The efficacy and safety of the Icon for immunotherapy of laser-induced CNV was tested in a mouse model, using two procedures to administer the Icon. One procedure involves synthesis of the Icon in vivo by injection of an adenoviral vector encoding the Icon, and another procedure involves injection of purified Icon protein. The vector and the Icon protein were administered by i.v. injections or i.o. injections into the vitreous cavity or subretinal space of the eye. When the vector was administered by i.v. injection on the first or seventh day after laser induction of a CNV, the incidence of CNV formation was reduced from 97% to 5% (see Tables 1 and 2 ). Similar results were obtained by injecting the vector directly into the vitreous cavity or subretinal space of the eye (see Table 3 ). Administering the Icon by i.v. injection of 50 g of Icon protein or i.o. injection of 1.5 g of Icon protein also resulted in a strong reduction of CNV formation (see . No toxic effects were observed by histologic examination of the liver, kidney, heart, and eye at 7 days after i.v. injection of the vector encoding the Icon or of the Icon protein. It is particularly significant that the RPE and choroid in the eye appeared normal, except for the minute spots of laser-induced damage, suggesting that the Icon can prevent CNV formation without associated damage to the eye. Thus, the Icon could be administered effectively and safely either encoded in an adenoviral vector or as a purified Icon protein, using either an i.v. or i.o. route of injection. For the experiments in mice, the Icon contained a mouse fVII domain that binds with high affinity and specificity to mouse TF expressed by a mouse CNV. For experiments with other species, and for clinical applications, the Icon would contain the autologous fVII and Fc domains, to optimize binding to TF and minimize the potential immunogenicity of the Icon.
A potential clinical application of the Icon is to prevent the development of a CNV in high-risk patients with moderate or severe nonexudative (dry) AMD (26) , who are expected to retain their central vision after treatment. Another application is to resolve a CNV that has already developed in one or both eyes, causing progressive loss of central vision. In the mouse model the Icon prevented CNV formation when the first injection of the vector encoding the Icon occurred 7 days after laser induction of a CNV (see Table 2 ), providing sufficient time for a CNV to become established before treatment. The Icon could have a similar effect for AMD patients with an established CNV. Laser spots were produced in C57BL͞6 mice on day 0, and an i.v. injection of 10 g of a human IgG1 control or Icon protein was administered on day 1. The mice were killed on day 7. A Chi-square test of the data showed P ϭ 0.07. Laser spots were produced in C57BL͞6 mice on day 0, and an i.v. injection of 50 g of a human IgG1 control or Icon protein was administered on day 1. The mice were killed on day 7. A Chi-square test of the data showed P Ͻ 0.0001. Laser spots were produced in C57BL͞6 mice on day 0, and an i.o. (intravitreal) injection of 1 l of PBS or human IgG1 (1.5 g͞l) as controls or with 1 l of Icon protein (1.5 g͞l) was administered on day 1. The mice were killed on day 7. A Chi-square test of the data showed P Ͻ 0.0001. 
